Mutant alleles of the genes age-1 and daf-2 that lengthen life span (Age phenotype) of Caenorhabditis elegans cause higher protein kinase (PKA, PKC, PTK) activity levels in senescing worms relative to wild-type. Elevated levels of PKA and PTK were also present in dauer larvae, developmentally arrested juveniles specialized for long-term survival, relative to L3 larvae, the alternative developmental stage. PKC activity was downregulated in dauers of a non-Age control strain and in age-1 mutant dauers, compared to L3 larvae, but similar activities were measured in dauers and L3 larvae of a daf-2 mutant strain. Thus, age-1 and daf-2 mutant worms may express distinct elements of a dauer-specific survival program during adult life. D URING the past decade, the nematode worm Caenorhabditis elegans has gained wide interest as a suitable model system for the study of the genetic determination of aging. Several mutations that increase life expectancy considerably have been identified. Among these, mutations in the genes age-1, daf-2, and daf-23 have the most spectacular effect (Friedman and
D
URING the past decade, the nematode worm Caenorhabditis elegans has gained wide interest as a suitable model system for the study of the genetic determination of aging. Several mutations that increase life expectancy considerably have been identified. Among these, mutations in the genes age-1, daf-2, and daf-23 have the most spectacular effect (Friedman and Johnson, 1988; Johnson, 1990; Kenyon et al., 1993; Dorman et al., 1995; Larsen et al., 1995; Kenyon, 1996; Murakami and Johnson, 1996) . The maximum increase in life span caused by single mutants is about 40%, but certain double mutants have life spans up to three to six times that of wild-type (Lakowski and Hekimi, 1996) . The Clk genes are believed to determine the general control of timing in this worm, including the duration of development and life span, and adult rhythmic behavior, such as swimming, pharyngeal pumping, and defecation (Lakowski and Hekimi, 1996) . The genes daf-2, daf-23, and age-1 are involved in the process of dauer formation.
C. elegans typically develops through four larval stages, L1-L4, separated by molts, and then develops to adulthood. In adverse conditions of crowding and limited food supply, second-stage larvae molt to the dauer stage, which is a developmentally arrested, alternative L3 stage. Dauer larvae survive for months, whereas worms, which develop continuously, live between 12 and 20 days, depending on culture conditions such as temperature and food (E. coli cells) supply. In response to improved environmental conditions, dauers may resume development and molt to the L4 stage. The dauer stage has been described as nonaging because the duration of the dauer stage does not influence post-dauer life span (Klass and Hirsh, 1976) . daf-2 and daf-23 were originally identified in genetic screens for abnormal dauer formation. They are classified as dauer constitutive genes (Daf-c) because they are characterized by mutations that inappropriately induce dauer formation. age-1 was discovered in a direct screen for long-lived mutants (Klass, 1983; Duhon et al., 1996) . Only recently was it found that all three genes act in a common life-span pathway (Kenyon et al., 1993; Dorman et al., 1995; Larsen et al., 1995; Kenyon, 1996) . Life span can be doubled by mutation in any of these genes (Dorman et al., 1995; Larsen et al., 1995) . The phenotypes and genetic interactions of age-1 and daf-23 mutations are very similar, and it has been suggested that they are, in fact, allelic (Malone et al., 1996; Morris et al., 1996) ; lack of certainty still exists, however, because no age-1 mutant sites have been found in the genomic sequence . Mutation in the dauer defective (Daf-d) gene daf-12 has no effect on life span by itself, but worms carrying certain combinations of daf-2 and daf-12 mutant alleles can live four times longer than normal (Larsen et al., 1995) .
It has been hypothesized that these mutants live longer because they inappropriately activate a dauer-specific survival program during adult life (Kenyon et al., 1993; Dorman et al., 1995; Larsen et al., 1995; Kenyon, 1996) . Vanfleteren and De Vreese (1995) demonstrated that several enzyme activities, including superoxide dismutase, catftlase, isocitrate lyase, malate synthase, and acid and alkaline phosphatase are indeed modulated in a dauerlike fashion during adult life in these mutants. However, metabolic activity estimated by oxygen consumption and superoxide production potential is maintained at a high level in age-1 and daf-2 mutant adult worms, although substantially repressed in dauer larvae (Vanfleteren and De Vreese, 1995, 1996) . Because phosphorylation of regulatory and structural proteins is the major mechanism by which intracellular control mechanisms operate in eukaryotes, we have determined the activity levels of the three classes (PKA, PKC, PTK) of protein kinases in the dauer stage, and during adult life of age-1 and daf-2 mutant worms and an appropriate control strain. We found that the activity levels of PKA and PTK, but not PKC, are substantially higher in dauer larvae compared to L3 larvae, and that they are also upregulated in aging age-1 and daf-2 worms, relative to the control strain, which has a normal life span.
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METHODS
Strains and culture methods. -Stock cultures were grown monoxenically at 15-17 °C, as described by Sulston and Hodgkin (1988) , except that E. coli 9001 was used as the food source. The strains used in this study were BA7'13 fer-15(b26ts), CB1370 daf-2(el370ts), CB1372 daf-7(eJ372ts), and TJ411 fer-15(b26ts) age-l(hx542) . The strains carrying mutant alleles of daf-2 and age-1 are longlived. The temperature-sensitive (ts) mutations convey the mutant phenotype at the restrictive temperature (25 °C): the fer-I5(b26) mutants are sterile at this temperature but fertile at 16-17 °C; daf-2(el370) and daf-7(eI372) mutant worms pass through the four larval stages when raised at 15-17 °C, but they arrest as dauer larvae at 25 °C. However, when upshifted to 25 °C as adults, daf-2(el370) is long-lived, arid daf-7(eJ372) is not.
Embryonated eggs were prepared by digesting adults with alkaline hypochlorite (Sulston and Hodgkin, 1988) . Large numbers of synchronized worms were obtained by allowing eggs to hatch overnight in S buffer (0.1 M NaCl, 0.05 M potassium phosphate buffer, pH 6.0). In these conditions, non-synchronously hatched larvae were arrested at the LI stage, resulting in a fair synchronization. The worms resumed growth when they were fed the next morning. Contamination of aging adults with their progeny was prevented by incubating L3 larvae at 25 °C (fer-15), or by filtering the culture (daf-2) repeatedly over a metal sieve (20 cm in diameter, 35 (jm aperture), until the worms became postreproductive. All aging cultures were maintained at 25°C
. Progeny composed less than 1% of the total worm population at harvest.
Dauer larvae were obtained by incubating hatching eggs at 25 °C {daf-2 and daf-7), or by growing LI larvae, collected from dense cultures, in the original culture medium, which by then contained sufficient amounts of dauer-inducing pheromone. A small percentage of the population developed to adulthood; they were removed by filtration.
At harvest, the worms were allowed to settle (1 X g) repeatedly from S buffer until the supernatant fraction began to clear. Next, they were cleaned by sucrose flotation (Sulston and Hodgkin, 1988) . This treatment removed bacteria, debris, and dead worms (Fabian and Johnson, 1994) and, if judged necessary from microscopic examination, was repeated. Cleaned worms were suspended in an equal volume of S buffer, dripped in liquid nitrogen, and stored as frozen beads at -80 °C.
Sample preparation. -Approximately 100-300 mg frozen nematode beads were transferred to a microcentrifuge tube containing equal amounts of glass beads and homogenizing buffer. The tubes were fixed in the holder of a mini-beadbeater (Bio-Spec Products, Bartlesville, OK), which was placed in a cold room (4 °C) and shaken at 5000 strokes/min for 1 min. Homogenizing buffer was 0.3 M NaCl, 4 mM Na 2 EDTA, 20% (v/v) glycerol, 2 mM MgCh, 50 mM Tris-HCl pH 7.2 for assay of PKA and PKC. PMSF (50 mM in isopropanol) and NaVO 3 (25 mM in water) were added to the homogenates at 0.5 mM final concentration. Triton X-100 was added at 0.5% final concentration to the homogenates made for assay of PKA only; detergent interfered with the PKC assay. Homogenizing buffer for assay of PTK activity was 0.3 M NaCl, 4 mM Na 2 EDTA, 50 mM Tris-HCl, pH 7.2. The homogenates were made 1% (v/v) in Triton X-100, 0.5 mM in PMSF, and 0.25 mM in NaVO 3 and Na 3 VO<.
All homogenates were kept on ice for 5 (no detergent added) to 15 (+ detergent) min and centrifuged at 10,000 rpm for 5 min, at 4 °C. Triplicate samples were taken from the supernatant and diluted 5X (PKC) or 10X (PKA) in 25 mM Tris-HCl buffer (pH 7.2) containing 0.15 M NaCl, 50% (v/v) glycerol, 1% (v/v) 2-mercaptoethanol, and 0.5 mM NaVO 3 . The supernatant was diluted 100-1500-fold to fall within the useful range of the PTK assay standard curve. Dilutions were made in 25 mM Tris-HCl (pH 7.2), containing 0.15 M NaCl, 0.05% Triton X-100, 0.25 mM NaVO 3 , and 0.25 mM Na 3 VO 4 .
Protein determination. -The supernatant portion obtained after centrifugation of the homogenates at 10,000 rpm was generally not clear, due to suspended fat and/or lipoproteins, precluding direct protein determination methods. For that reason, fatty acid esters were first saponified. Briefly, 18 ul aliquots were mixed with 2 ul 10 M NaOH and heated at 70 °C for 10 min. The concentration of the base was next lowered to 0.1 M by adding 160 ul distilled water, and protein was determined using the standard bicinchoninic acid method (Pierce, Rockford, IL).
Protein kinase activity assays. -PKA activity was determined with the Pierce colorimetric spinzyme assay kit, using Lissamine Rhodamine B-labeled Kemptide substrate. Negative controls were validated by comparing the background signals, obtained when 0.1 uU cyclic AMP-dependent protein kinase catalytic subunit from bovine heart (Sigma, St. Louis, MO), or sample, was replaced by PKA dilution buffer, with those measured when 0.1 |iU protein kinase, or sample, + 0.1 ug protein kinase inhibitor (Sigma, P0300) was assayed. PKC activity was determined similarly, using Lissamine Rhodamine B-labeled PKC Pseudosubstrate (Pierce). The phorbol ester TPA (12-0-tetradecanoyl phorbol-13-acetate, Sigma) was substituted for phosphatidylserine as activator. It was used at 4 ug/ml in the reaction mixture, yielding approximately twofold increase in sensitivity. PTK activity was quantitated using the ELISA-based assay kit 2 from Pierce.
All three protein kinase assays were performed following the guidelines of the manufacturer, except that incubation temperature was 25 °C. Phosphorylation times were 30 (PKA and PKC) or 45 (PTK) min. Phosphatase activity was effectively suppressed by NaVO 3 and Na 3 VO 4 .
RESULTS AND DISCUSSION
We have studied the age-specific modulation of the activities of all three families of protein kinase enzymes in two long-lived mutant strains (age-7 fer-15 and daf-2) and a control strain [fer-15 age-l(+) daf-2(+)]. We have also determined the dauer-specific kinase activities, as previous studies (Vanfleteren and De Vreese, 1995) have shown that several enzymatic activities are up-or downregulated in adult age-1 and daf-2 mutants reminiscent of their modulation in wild-type dauer larvae. In this study and in the previous report (Vanfleteren and De Vreese, 1995) 
we used [daf-7(el372) daf-2(+);fer-15(+) age-1 (+)]
as a suitable control because the mutation el372 confers the constitutive dauer phenotype at 25 °C, but has no effect on life span (Kenyon et al., 1993; Larsen et al., 1995) . This method allows large populations of isochronous dauers to be obtained, avoiding harsh (e.g., 1% SDS) or lengthy and less efficient (repeated filtration) treatments to remove other stages. Possible differences in the dauers formed in response to high concentrations of dauer-inducing pheromone (non-Daf-c) and those formed independently of that signal (Daf-c), are ignored by this procedure, however.
Protein kinase activities decreased dramatically in aged worms that carried wild-type alleles of daf-2 and age-1. PKA and PKC, but not PTK activities, initially increased, reaching maximal values in 10-day-old worms, then declined very sharply. A similar modulation of catalase with age was observed previously (Larsen, 1993; Vanfleteren, 1993 ), but we could not validate this observation in a subsequent study (Vanfleteren and De Vreese, 1995) . Discrepancies in experimental results of this kind are not too surprising, given the fact that enzyme activities are subtly regulated, that the physiological condition of isochronous organisms, collected from repeated cultures, may still be slightly dissimilar, and that these measures are from only one experiment. Moreover, variation among samples taken from a single population will be generally much smaller than the heterogeneity observed when examining separate, though otherwise supposedly identical, populations. Thus, general tendencies are much more informative than pairwise comparisons. One sustained property is the absence or at least strong attenuation of the age-specific decline of kinase activities in both long-lived mutants, relative to the control strain, from age 7-8 days onward (Tables  1-3) . Whereas the PKA and PKC activities of the age-1 mutant strain continued to increase with age (Tables 1, 2) , their PTK activities decreased (Table 3) . However, PTK activity levels were consistently several-fold higher than those determined in isochronous controls. Essentially, all three classes of protein kinase activities showed little fluctuation with age in both long-lived mutant strains, with only slight tendency to decrease at old age.
It has been suggested that mutant alleles of age-1 and daf-2 may lengthen life by inappropriately expressing a life-span extension mechanism, normally operative in the dauer stage only (Kenyon et al., 1993; Dorman et al., 1995; Larsen et al., 1995; Kenyon, 1996) . The results from this study suggest a more complex regulation. Indeed, the activities of PKA and PTK are higher in dauers, relative to L3 larvae, and the long-lived (Age) aging mutants have higher activity levels than isochronous worms that are wild-type for Age (Tables 1, 3 , and 4). PKC activity is also elevated in senescing Age worms, relative to fer-15, the non-Age control strain (Table 2 ). However, PKC activity is lower in both daf-7 (non-Age) and age-1 fer-15 (Age) dauers relative to L3 larvae, whereas daf-2 (Age) dauers and L3 larvae have identical PKC activity levels (Table 4 ). This observation, combined with the different modulations of these ther downstream in the survival pathway, resulting in different reduction-of-function alleles having different effects (Dorman et al., 1995; Larsen et al., 1995; Kenyon, 1996) .
Synthetic peptides are being increasingly used as convenient substrates to study protein kinases and phosphatases (Pearson et al., 1993) . They are easy to use, soluble, and contain a single phosphorylatable residue. They represent phosphorylation site motifs of known parent protein kinase substrates, or potent inhibitor peptide sequences, in which an amino acid was replaced by a phosphorylatable residue ("pseudosubstrate"). Kemptide peptide corresponds to the phosphorylation site in liver pyruvate kinase, a group of very conservative glycolytic isoenzymes, and it is likely that it is a good substrate for the nematode enzyme(s) as well. However, these short peptide substrates usually have broader specificities than their parent proteins, in addition to their altered kinetic characteristics, and they are likely suitable substrates for multiple protein kinases. Thus, upregulation of the protein kinase activities in the Age mutants likely reflects the added effects of several, if not many, protein kinases and is compatible with the hypothesis that age-l and daf-2 are master regulatory genes that determine the default setting of metabolic activity ( Vanfleteren and De Vreese, 1995) .
The dauer stage is considered to be a quiescent stage, because development is arrested. Dauer larvae do not feed, they often lie motionless, and the oxidative metabolism is markedly reduced in the dauer stage (Anderson, 1978; Vanfleteren and De Vreese, 1996) . The altered activity levels of the protein kinases in dauers relative to L3 larvae correlate with the greatly altered metabolism in the dauer stage (Vanfleteren and De Vreese, 1995) . A dauer-like setting of metabolic activity may be variably sustained during adult life of daf-2 and age-l mutants, and may play a central role in life-span extension. Most intriguingly, aerobic metabolic activity is upregulated in aged daf-2 and age-l mutant worms, relative to wild-type, whereas it is typically repressed in dauer larvae (Anderson, 1978; Vanfleteren and De Vreese, 1996) . Elucidation of downstream factors that determine the setting of metabolic activity will be a next logical step in unravelling the mechanism by which life span can be extended.
Although the mechanism of life-span extension in nematodes relies on the inappropriate expression of genes also required for the specification of a particular developmental stage, it is striking that very general biochemical mechanisms including kinase activity levels, metabolic rate setting (Vanfleteren and De Vreese, 1995, 1996) , oxidativestress resistance (Anderson, 1982; Vanfleteren, 1993; Larsen, 1993) , heat-shock resistance (Lithgow et al., 1994 (Lithgow et al., , 1995 , and UV resistance are involved. We do believe that the study of life-span determination in nematodes will contribute to our understanding of the aging process in vertebrates, including man.
